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Highly efficient information processing in brain is based on processing and memory components 
called synapses, whose output is dependent on the history of the signals passed through them. Here 
we have developed an artificial synapse with both electrical and optical memory effects using 
reactive tunnel junctions based on plasmonic nanorods. In an electronic realization, the electrons 
tunneled into plasmonic nanorods under low bias voltage are harvested to write information into 
the tunnel junctions via hot-electron-mediated chemical reactions with the environment. In an 
optical realization, the information can also be written optically by external light illumination to 
excite hot electrons in plasmonic nanorods. The stored information is non-volatile and can be read 
in both realizations either electrically or optically by measuring the resistance or inelastic-
tunnelling-induced light emission, respectively. These memristive light-emitting plasmonic tunnel 
junctions can be used as memory, logic units or artificial synapses in future optoelectronic or 
neuromorphic information systems. 
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Highly efficient information processing in brain utilises multilevel (as opposed to binary used in modern 
digital computers) logic components called synapses. A memristive device (or memristor) is a resistive 
electrical element with resistance depending on the history of the applied electrical signals1,2, and can, 
therefore, be used as a memory element for the storage of information or as an artificial synapse to emulate 
biological synapses. Since the first experimental realization based on a metal/oxide/metal (Pt/TiO2/Pt) 
structure in 2008 [2], memristors have attracted extensive interest due to their important application in 
next-generation non-volatile memory, signal processing, reconfigurable logic devices, and neuromorphic 
computing3‒14. By integrating light-emitting or plasmonic properties with memristive devices, optical 
memristors have also been demonstrated15‒18. Most of the memristive devices are based on metal-
insulator-metal structures to achieve resistance switching by dynamically configuring the insulating layer 
(e.g., the formation/annihilation of nanoscale conductive filament), showing low operation voltages 
(several volts), short set/reset times (<100 ns), and good endurance. The oxide-based insulating layer is 
typically limited to thicknesses greater than 3 nm6‒9,12‒18. Further reduction of the insulating layer 
thickness is demanded in order to reduce the device size, operating voltage and energy consumption3,5. 
However, in metal-insulator-metal structures with insulator thickness of less than 2 nm, the occurrence of 
quantum-mechanical tunnelling effect can cause electron leakage through the insulating layer, which is 
believed to be a detrimental effect for further downscaling of electronic components such as transistors in 
integrated circuits. 
Here, we demonstrate optoelectronic memristive devices by taking advantage of the electron 
tunnelling effect. Based on metal-polymer-metal tunnel junctions, we show the simultaneous multistate 
switching of the resistance and built-in light emission of the junctions, which is realized both electrically 
and optically by programming the junctions via hot-electron-mediated chemical reactions controlled by 
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the environment. Light-emitting tunnel junction (Fig. 1a), an optoelectronic analog of a biological synapse, 
was constructed based on a plasmonic nanorod. During the tunnelling process (Fig. 1b), the inelastically 
tunneled electrons excite plasmons in the nanorod which can subsequently decay radiatively into photons, 
while those electrons that tunnel elastically, generate hot electrons in the tips of nanorods which can be 
harvested for the multilevel writing of the junction state. The information stored is non-volatile and can 
be read both electrically and optically by interrogating the resistance and emission intensity. Optical 
coding of the tunnel junctions is also possible using the hot-electrons generated in the tunnel junctions by 
an external illumination. Controlling a gas environment of the tunnel junctions can be used to program 
the memristor response. 
Experimentally, tunnel junctions were constructed in a plasmonic nanorod array (Fig. 1c), which was 
fabricated by electrodeposition of Au into porous alumina templates (see Supplementary Section 1). 
Figure 1d presents the cross-sectional view of a plasmonic nanorod array, clearly showing the Au 
nanorods embedded in the alumina template. The diameter, length, and separation of the nanorods are 
approximately 65, 480, and 105 nm, respectively. Metal-polymer-metal tunnel junctions were constructed 
on the surface of the nanorod metamaterial by using a monolayer of poly-L-histidine (PLH) as the tunnel 
barrier and ‘storage’ layer (used as a reactant to store information via reconfigurable chemical reactions), 
and a droplet of eutectic gallium indium (EGaIn) as the top electrode (see Methods and Supplementary 
Section 2 for details). Each Au nanorod forms a tunnel junction with the top EGaIn contact (Fig. 1a), 
creating an array of tunnel junctions (Supplementary Section 3) with density determined by the density 
of Au nanorod array on the order of ~1010 cm-2, which is close to the density of synapses in human brain 
(~1014 in total). Nonlinear character of current-voltage characteristic (Fig. 1e) confirms the tunnelling of 
electrons through the metal-polymer-metal junctions19. Upon the application of a forward bias, light 
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emission was observed from the substrate side of the device, which is due to the radiative decay of 
plasmons excited in the nanorod metamaterial (Fig. 1b)20‒25. The recorded emission spectra (having a 
linewidth of ~200 nm) as a function of the applied bias are shown in Fig. 1f. With the increase of the bias, 
the emission intensity increases gradually, accompanied by a blue-shift of the emission peaks following 
the quantum cut-off law ℎ𝜈௣௛௢௧ ≤ 𝑒𝑉௕ [20]. 
 
 
Figure 1 | Memristor structure and light emission properties. a, Schematic diagram of the memristive light-emitting 
tunnel junction (right), which is an optoelectronic analogue to a synapse (left). b, An energy level diagram of the tunnel 
junction with a bias of Vb. c, Schematic diagram of the plasmonic nanorod array used to realize multiple tunnel junctions. 
d, Cross-sectional SEM view of a nanorod array. e, Measured current-voltage characteristic of a tunnelling device 
fabricated using the array shown in d. f, Measured emission spectra of the tunnelling device as a function of the applied 
forward bias. 
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During the tunnelling process, the majority of electrons (~99%) tunnel elastically (Fig. 1b)20‒25, 
appearing as hot electrons26,27 in the tips of Au nanorods, which can be used for programming the state of 
the tunnel junctions via hot-electron-activated chemical reactions28,29. To use the hot-electron effects, the 
tunnelling device was put into a gas chamber under a bias of 2.5 V, with the tunnelling current and 
emission spectrum monitored simultaneously. The device was first stabilized in 2% H2 in N2, then, upon 
switching of a chamber environment to air, the tunnelling current decreased gradually down to two thirds 
of the original value (Fig. 2a). At the same time, the integrated light emission intensity increased gradually 
to twice the original value. The changes in the tunnelling current and emission intensity reflect a change 
in the junction state, which is due to the oxidization of the tunnel junctions by oxygen molecules in air 
mediated by hot electrons as a PLH monolayer undergoes oxidative dehydrogenation and coupling 
reactions25. 
The resistance and emission intensity of the tunnelling device depends on the total number of the 
tunneled electrons (Fig. 2b) since the state of tunnel junctions is dependent on the history of the tunnelling 
process, particularly on how many electrons have traversed the junctions before, demonstrating the 
memory effect similar to biological synapses. During the reaction, the device was brought from a low 
resistance state (~20 Ω) to a high resistance state (~29 Ω), with a simultaneous change in the light emission 
from a low intensity to high intensity state (~80% increase in intensity). In this case, the written state of 
the tunnel junctions can be read out both electrically and optically, which is attractive for use as memory 
devices or artificial synapses, not only in electronic but also in optoelectronic systems. Moreover, 
compared with the existing optical memristors which require external light sources for the optical 
readout16‒18,30, the plasmonic tunnel junctions have nanoscale built-in plasmonic light sources, providing 
advantages for the dramatic reduction in device size and power consumption. Normally, the emission 
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intensity changes linearly with the tunnelling current, however, the emission intensity shows an opposite 
trend to that of the current during the reaction. This can be understood considering the evolution of the 
estimated inelastic tunnelling efficiency during the programming process (Fig. 2c, see Supplementary 
Section 4 for details). During the reaction of the tunnel junctions with oxygen molecules, the inelastic 
tunnelling efficiency increases gradually, resulting in the increased light emission intensity despite the 
gradual decrease of the tunnelling current. 
 
 
Figure 2 | Hot-electron-mediated programming of electrical and optical properties. a, Time-dependent evolution of 
the tunnelling current and integrated emission intensity during the hot-electron-mediated reaction of tunnel junctions 
with oxygen (environment switched from 2% H2 gas to air). b,c, Dependence of the resistance and integrated emission 
intensity (b), and the inelastic tunnelling efficiency (c) on the total number of the tunneled electrons. d, Time-dependent 
evolution of the tunnelling current and integrated emission intensity during the hot-electron-mediated reaction of 
oxidized tunnel junctions with hydrogen (environment switched from air to 2% H2). e,f, Dependence of the resistance 
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and integrated emission intensity (e), and the inelastic tunnelling efficiency (f) on the total number of the tunneled 
electrons. Vb is fixed at 2.5 V in all the measurements. 
 
The tunnelling device can be programmed back to the original status by introducing hydrogen 
molecules into the cell via the hot-electron-mediated reduction of the oxidized tunnel junctions (Fig. 2d‒
f). The resistance, integrated emission intensity, and inelastic tunnelling efficiency (Fig. 2e,f) decreased 
gradually back to the original value with the continuous supply of the hot electrons and hydrogen 
molecules, highlighting the ability to reversibly programme the tunnelling device. The dynamics of the 
light-emitting reactive tunnel junctions can be associated with long-term potentiation/depression 
processes of synapses in a biological neural network. Different from ferroelectric or magnetic tunnel 
junction based memristors exploiting tunnel electroresistance or magnetoresistance effects10,11, the light-
emitting plasmonic tunnel junctions exploit elastically tunneled electrons for the writing of information 
and inelastically tunneled electrons for the optical readout, providing programmability of the response 
and sensitivity to the environment. 
As discussed above, the state of the tunnel junctions is highly dependent on the number of the 
tunneled electrons and the environment. By controlling the supply of hot electrons or reactants (oxygen 
or hydrogen), the tunnelling device can be latched to different intermediate states. For example, as shown 
in Fig. 3a, the resistance of the device was switched from ~20 Ω (level L) to 22 (level 1), 26 (level 2), and 
29 Ω (level H), respectively, by controllably introducing oxygen molecules into the chamber for the 
oxidization of the tunnel junctions. When the required state was achieved, pure nitrogen (employed as a 
nonreactive environment) was introduced into the chamber to remove oxygen molecules to latch the state 
of the junctions. Under the nonreactive environment of nitrogen, the state of the junctions was maintained 
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when the bias was switched off, showing the non-volatility. Accordingly, the light emission from the 
device was also latched to different intermediate levels (Fig. 3b). Benefitted from the programming 
mechanism of the reactive tunnel junctions, the states of the junctions may, in principle, be controlled on 
single electron or molecule level. Instead of carrying out computations based on binary in digital chips, 
the artificial synapses based on reactive tunnel junctions work in an analog way like neurons in brain that 
activate in various way depending on the type and number of ions that flow across a synapse. 
 
 
Figure 3 | Multilevel programming of the electrical and optical properties. a, Continuous switching of the resistance 
of the tunnelling device by controlling the environment. The device was first stabilized in 2% H2 (Vb = 2.5 V), then the 
resistance was switched by the introduction of oxygen molecules and latched by replacing oxygen environment with 
nitrogen. b, Corresponding latched emission spectra of the tunnelling device. 
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Apart from the electrical programming, the state of the tunnel junctions can be programmed optically. 
Under external light illumination of the nanorod metamaterial from the substrate side, the plasmonic 
modes in the metamaterial are excited. Figure 4a shows simulated electric field and current distributions 
in the unit cell of the metamaterial for the illumination wavelength of 600 nm (see Methods for details). 
The plasmonic excitation exists across the whole nanorod length and hot electrons are generated in both 
tips of the Au nanorods, which can be used for the activation of chemical reactions in the tunnel junctions. 
In order to demonstrate this (Fig. 4b), the device was first stabilized in 2% H2 in N2 under 2.5 V (period 
1). The state of the junctions was unchanged when the environment was switched to air under zero bias 
(period 2) due to the lack of hot electrons for the reaction (under applied bias the gradual rise of the tunnel 
resistance to level H was observed as expected (period 3)). The state was programmed back to the low 
resistance level (period 4) by introducing 2% H2 back into the chamber under applied bias. However, 
when the environment was switched to air under zero bias but the metamaterial was illuminated by a white 
light (period 5), the state of the junctions was programmed to the high resistance level (confirmed by the 
stable resistance after the removal of illumination under a bias of 2.5 V (period 6)). The spectra of latched 
light emission correspond to the level L and optically switched level H’ agree well with the emission 
spectra from the electrically programmed low and high resistance levels (cf., Fig. 4c and Fig. 3b). The 
ability of optical coding provides an alternative choice for the writing of information with advantages 
such as wireless and wavelength-dependent control. 
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Figure 4 | Optical programming of the tunnelling device. a, Simulated electric field |E| and current |J| distributions in 
the unit cell of the metamaterial for the illumination wavelength of λ = 600 nm. b, Evolution of the resistance of the 
tunnelling device under different conditions as indicated at the bottom. White light illumination in the spectral range 
500-750 nm and power density ~0.03 W cm-2 was used during period 5. c, Emission spectra of the tunnelling device 
measured at the resistance level L and the optically programmed resistance level H’. 
 
In conclusion, we have investigated the electrical and optical memory effects in reactive tunnel 
junctions. The high density of tunnel junctions and scalability provided by the plasmonic nanorod array 
make the proposed approach an attractive platform for the construction of ‘brain on a chip’ and 
neuromorphic computing devices. Flexibility of the approach can be further exploited using new chemical 
reactions and other switching mechanisms, such as formation/annihilation of conductive filament, to 
further control the operation. The reactive plasmonic tunnel junctions can be integrated directly with 
plasmonic or silicon waveguides for the application as memory, logic units, and artificial synapses in 
optoelectronic systems, scaled down to single junctions if required. The light-emitting reactive tunnel 
junctions have the potential to become important building blocks of memories, logic units, or artificial 
synapses in optoelectronic or neuromorphic computing systems. 
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Methods 
Fabrication. Plasmonic nanorod metamaterials were fabricated by electrodeposition of Au into substrate-
supported porous alumina templates25,31. Metamaterial-based light emitting tunnel junctions were 
fabricated as follows: firstly, a nanorod metamaterial was chemically etched in a 3.5% H3PO4 solution at 
35 ℃ to make the surrounding Al2O3 matrix slightly lower than the nanorod tips; secondly, the 
metamaterial with exposed nanorod tips were functionalized with a monolayer of PLH (Mw = 5,000—
25,000, Sigma-Aldrich) via self-assembly; finally, a droplet of EGaIn (≥ 99.99% trace metals basis, 
Sigma-Aldrich) was added onto the surface of the metamaterial to form an array of metal-PLH-metal 
tunnel junctions. 
Numerical simulations. Numerical simulations of the near-field distributions of the electric field inside 
the nanorod metamaterial and the associated electric current in the nanorods were performed using a finite 
element method (Comsol Multiphysics software). The metamaterial was illuminated from the substrate 
side by a plane wave at an angle of incidence of 45o. The distribution of the nanorods in the metamaterial 
was approximated with a square array, which allowed to simulate the entire system modeling a unite cell 
with properly defined Floquet boundary conditions on the unit cell sides, determined by a phase delay 
acquired by the incident plane wave while travelling between the corresponding faces. To ensure the 
absence of back-reflection, a perfectly matched layer was implemented on the illumination side. At the 
opposite (EGaIn) side, this was not needed due to metallic nature of the latter. Experimentally measured 
data with a mean free path correction of 3 nm, related to the properties of electrochemically derived Au, 
were used for gold32, experimental tabulated data was also used for Al2O3 matrix33, SiO2 substrate34 and 
Ta2O5 adhesion layer35. Optical properties of EGaIn were approximated by the Drude model, while 
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refractive indices of gallium oxide, naturally appearing on the EGaIn surface, and PLH polymer were 
taken as non-dispersive in the studied wavelength range and equal to 1.89 and 1.565, respectively. 
References 
31. Evans P. et al. Growth and properties of gold and nickel nanorods in thin film alumina. 
Nanotechnology 17, 5746–5753 (2006). 
32. Johnson P. B. & Christy R. W. Optical constants of the noble metals. Phys. Rev. B 6, 4370–4379 
(1972). 
33. Malitson I. H. & Dodge M. J. Refractive index and birefringence of synthetic sapphire. J. Opt. Soc. 
Am. 62, 1405 (1972). 
34. Malitson I. H. Interspecimen comparison of the refractive index of fused silica. J. Opt. Soc. Am. 55, 
1205-1209 (1965). 
35. Bright T. J. et al. Infrared optical properties of amorphous and nanocrystalline Ta2O5 thin films. J. 
Appl. Phys. 114, 083515 (2013). 
  
17 
 
Supplementary Information 
 
Multilevel nonvolatile optoelectronic memory based 
on memristive plasmonic tunnel junctions 
 
Pan Wang*, Mazhar E. Nasir, Alexey V. Krasavin, Wayne Dickson and Anatoly V. Zayats* 
 
Department of Physics and London Centre for Nanotechnology, King’s College London, Strand, London 
WC2R 2LS, UK 
Correspondence to: pan.wang@kcl.ac.uk, a.zayats@kcl.ac.uk 
  
18 
 
S1. Fabrication of plasmonic nanorod metamaterials 
The plasmonic nanorod metamaterials were fabricated by electrodeposition of Au into substrate-supported 
porous alumina templates [31]. The substrate is a multilayered structure comprised of a glass slide (1 mm 
in thickness), a tantalum oxide adhesive layer (10 nm in thickness), and an Au film (7 nm in thickness) 
acting as a working electrode for the electrochemical reaction. An aluminum film (~500 nm in thickness) 
is then deposited onto the substrate by planar magnetron sputtering, which is subsequently anodized in 
oxalic acid (0.3 M) at 40 V to produce the porous alumina template by two-step anodization. The diameter, 
separation and ordering of the Au nanorods in the assembly are controlled by the conditions of anodization. 
The electrodeposition of Au is performed with a three-electrode system using a non-cyanide solution. The 
length of Au nanorods is controlled by the electrodeposition time. In this work, the length of Au nanorods 
is slightly shorter than the height of alumina template. The metamaterials were then washed several times 
in deionized water (DI water) and stored in 200 proof ethanol for future use. 
 
S2. Fabrication of metal-polymer-metal tunnel junctions 
Figure S1 shows the schematic diagram of the fabrication of metal-polymer-metal tunnel junctions based 
on a plasmonic nanorod metamaterial. In the first step, a wet chemical etching method was used to remove 
some of the alumina matrix to make the tips of Au nanorods slightly higher than the surrounding alumina. 
Briefly, the nanorod metamaterial stored in ethanol was firstly dried under N2 and then put into an aqueous 
solution of H3PO4 (3.5 %) at 35 ℃ to start the etching. The etching depth can be precisely controlled by 
the etching time. After the chemical etching, the metamaterial was washed several times in DI water. 
In the second step, the exposed Au nanorod tips were functionalized with a monolayer of poly-L-
histidine (PLH, Mw 5,000-25,000, Sigma-Aldrich). Briefly, the etched nanorod metamaterial was 
19 
 
submerged into a PLH solution (1 mg/mL, pH ~5–6) and incubated for 0.5 h. Due to the high affinity of 
PLH to Au surface and the positive charging of protonated PLH in solution, a monolayer of PLH self-
assembled onto the exposed Au nanorod tips. The metamaterial was then washed several times in DI water 
to remove weakly bound PLH and dried under N2. 
Finally, a droplet of EGaIn was added onto the surface of the nanorod metamaterial to form an array 
of metal-PLH-metal tunnel junctions, and then two Au wires were connected to the bottom Au film and 
the EGaIn droplet for the application of bias across the tunnel junctions. 
 
 
Figure S1. Schematic diagram showing the steps for the fabrication of metal-polymer-metal tunnel 
junctions. 
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S3. Nanorod-metamaterial-based tunnelling device 
 
 
Figure S2 | Nanorod-metamaterial-based tunnelling device. a, Schematic diagram of tunnelling 
junction array constructed on a Au nanorod metamaterial. b, Photograph of a nanorod-metamaterial-based 
tunnel device. 
 
S4. Estimation of inelastic tunnelling efficiency 
In the nanorod-metamaterial-based tunnel junctions, the light emission is due to the radiative decay of 
plasmonic modes excited by the inelastic tunnelling electrons. In this case, the relation between inelastic 
tunnelling efficiency (𝜂௜௡௘௟ = Γ௜௡௘௟/Γ௧௢௧, where Γ௜௡௘௟ and Γ௧௢௧ are inelastic and total tunnelling rates, 
respectively) and electron-to-photon conversion efficiency (𝜂௘௟ି௣௛  ) can be written as: 𝜂௘௟ି௣௛ =
𝜂௜௡௘௟ ∙ 𝜂௔௡௧, where 𝜂௔௡௧ is the antenna radiation efficiency (𝜂௔௡௧ = 𝑃௥௔ௗ/𝑃௧௢௧, defining how much power 
from the excited plasmonic modes is radiated in light). The electron-to-photon conversion efficiency can 
be estimated from the ratio of emitted photons (evaluated from the measured emission power, assuming 
all the emitted photons have the same wavelength of 850 nm) to injected electrons (evaluated from the 
measured tunnelling current under 2.5 V forward bias) during each period of measurement. The antenna 
radiation efficiency 𝜂௔௡௧ can be evaluated from the numerical simulations to be ~3.5 × 10-4 at 850 nm. 
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We can plot the evolution of inelastic tunnelling efficiency during the memristor programming process 
using the formula: 𝜂௜௡௘௟ = 𝜂௘௟ି௣௛௢௧/𝜂௔௡௧. 
 
